A ngiogenesis, the process of formation of neovessels from preexisting vessels, plays an important role in many physiologic, reactive, and pathologic processes (1) . Blood vessels actively proliferate during embryonic development and fetal growth to supply tissues with oxygen and nutrients and to dispose of metabolic waste products. The angiogenic process is regulated by many growth factors, including vascular endothelial growth factor (VEGF) 4 and angiopoietin-1 (Ang-1) (2-4). During postnatal life the vascular bed continues to expand and angiogenesis remains active in selected anatomical sites such as the retina and the growth plates of long bones (5, 6) . Once tissues and organs have reached full maturity, blood vessels cease to proliferate and become angiogenically quiescent, except in the female genital organs where neovessels are produced monthly during the menstrual cycle (7) . The angiogenic process is reactivated in healing wounds (8) , but the cellular and molecular mechanisms responsible for activating angiogenesis in injured tissues remain to be elucidated.
We have used ex vivo cultures of rat aortic rings to study the angiogenic mechanisms operating in the isolated vessel wall following mechanical injury. Rings of rat aorta embedded in collagen gels and cultured in serum-free medium produce a self-limited angiogenic response that is triggered by the wound of the dissection procedure (9, 10) . The angiogenic response of the aortic wall is preceded by up-regulated expression of immune-related genes including many inflammatory cytokines and chemokines that stimulate angiogenesis and macrophage efflux when added as recombinant molecules to the cultures (11) . Among these are the CXC chemokines GRO-1 (growth-related oncogene-1) and MIP-2, which bind to and activate CXCR2, a G-protein-coupled receptor that has been shown to transduce signals for cell proliferation and migration during angiogenesis, atherosclerosis, and wound healing (12) (13) (14) (15) . These findings suggest that the immune system is actively involved in the early stages of vessel formation during angiogenesis.
In this paper we studied the role of resident macrophages and the macrophage-associated receptor CXCR2 in the rat aorta model of angiogenesis. Our results show that CXCR2 is an important transducer of angiogenic signals in this system and demonstrate that adventitial macrophages are required for the angiogenic response of the wounded aorta.
Materials and Methods

Preparation and treatment of aortic ring cultures
All animal procedures were performed with approval from the Veterans Administration Puget Sound Health Care System Institutional Animal Care and Use Committee and according to National Institutes of Health guidelines. Thoracic aortas were dissected from CO 2 euthanized 1-2-mo-old Fischer 344 male rats (Harlan Sprague Dawley), C57BL/6 mice, mice deficient for CXCR2, CD11bDTR transgenic mice (Charles Alpers, University of Washington, Seattle, WA; originally developed from Richard Lang, University of Cincinnati, Cincinnati, OH), or age-matched controls (The Jackson Laboratory). Aortas were cleaned of fibroadipose tissue and blood and serially cross-sectioned into 1-2 mm rings as described (9) . Angiogenically quiescent rat aortic rings were prepared by preincubation in serum-free endothelial basal medium (EBM; Lonza) as reported (10, 16) .
Aortic rings were embedded in collagen gel and cultured in 4-well dishes in serum-free EBM with or without cytokines and chemokines. The following cytokines and chemokines were added as a mixture: GRO-1/ CXCL1, 10 ng/ml (Cedarlane Laboratories); IL-1␤, 10 ng/ml (Biosource International); MIP-1␣, 10 ng/ml (Biosource International); TNF-␣, 10 ng/ml (R&D Systems); and MIP-2, 50 ng/ml (AbD Serotec). The antiinflammatory cytokines IL-4 and IL-13, 1 ng/ml (R&D Systems) were added individually in separate experiments. Negative control cultures were incubated in serum-free EBM alone; positive controls were stimulated with 10 ng/ml recombinant VEGF (R&D Systems).
For CSF-1 stimulation studies, 10-mm-long segments of rat aorta were preincubated for 24 h in EBM containing 1 g/ml recombinant rat M-CSF (CSF-1, PeproTech) before cutting individual rings. For blocking studies with Abs against CSF-1, rat anti-mouse anti-CSF-1 monoclonal Ab (10 g/ml; BD Pharmingen) was used to treat cultures of C57BL/6 mouse aortic rings. Control cultures were treated with nonimmune IgG (10 g/ml).
In separate experiments, rat aortic cultures were treated with SB225002 (Calbiochem/EMD Biosciences), a CXCR2 receptor chemical inhibitor (17) , in the absence or presence of VEGF or the cytokine cocktail. All treatments were started from the beginning of the experiment. Controls for SB225002 experiments were supplemented with DMSO vehicle.
For macrophage ablation experiments, rat aortic rings were pretreated with liposomal clodronate, which selectively kills macrophages (18) . Liposomes containing either dichloromethylene diphosphonate (Cl 2 MDP, clodronate, a gift of Roche Diagnostics) or PBS were prepared as described (18) . Aortic rings were incubated on a rotating shaker with either 10% PBS-liposomes, 10% clodronate-liposomes (diluted in EBM), or EBM alone. After 24 h, rings were washed twice for 1 h in EBM, embedded in collagen, and cultured for 10 -14 days (9) .
For macrophage ablation experiments with the CD11bDTR mouse model (19) , aortic rings from transgenic mice or age-matched controls were incubated overnight in either serum-free EBM or EBM containing 100 ng/ml diphtheria toxin (List Biological Laboratories). After 24 h, aortic rings were washed in EBM and cultured as described above. Since the mouse aorta has a lower capacity to sprout spontaneously than does the rat aorta due to its smaller size, mouse aortic rings were cultured in 96-well plates to obtain higher concentrations of endogenously released VEGF and other angiogenic factors.
For aortic ring-macrophage coculture experiments, macrophages were isolated from rat femur and cultured for 6 days in RPMI 1640 (Invitrogen) with 10% FBS, penicillin (100 U/ml), streptomycin (100 g/ml), L -glutamine (2 mM), and 50 ng/ml recombinant human monocyte CSF (CSF-1, PeproTech). Bone marrow-derived macrophages were lifted from tissue culture plates using ice-cold PBS with 2 mM EDTA, washed, counted, and added to collagen gel cultures of clodronate-treated or control aortas at the concentration of 40,000 cells per aortic ring. Bone marrow macrophage preparations were determined to be Ͼ95% CD45 ϩ by FACS analysis (not shown). For all collagen gel cultures of aorta, the angiogenic response was measured in living cultures by counting the number of neovessels over time, according to published criteria (9) . At the end of the experiments, cultures were fixed in buffered formalin and processed for immunostaining.
In vivo aortic ring angiogenesis assay
Clodronate liposome-or PBS liposome-treated rat aortic rings were prepared as described above. Aortic rings were then embedded in collagen gels cast in gelatin sponge rings (Gelfoam, Pharmacia) as reported (20) .
FIGURE 1.
Changes in spontaneous and inflammatory cytokine-mediated angiogenesis in rat aortic cultures over time. A, Inflammatory cytokines stimulate angiogenesis in collagen gel cultures of freshly cut aortic rings but have no effect on rings embedded in collagen 13 days following excision (quiescent rings). Quiescent aortic rings are viable and respond to angiogenic stimulation by VEGF. ‫,ءءء‬ p Ͻ 0.001; n ϭ 8. B, VEGF levels in cultures of freshly cut aortic rings are maximal soon after injury and decline over time. Inflammatory cytokines stimulate VEGF production in collagen gel cultures of freshly cut rings (day 5) but have no effect on quiescent rings. ‫,ءءء‬ p Ͻ 0.001; n ϭ 3. Recipient syngeneic animals were anesthetized with isoflurane in oxygen. A s.c. pouch was formed on the lateral dorsal skin on either side of recipient animals, and a single aortic ring/collagen construct was inserted into each pouch.
Implants were removed after 14 days for quantification of angiogenesis. After excision, each implant was frozen in OCT compound (Sakura) and serially cryosectioned. Expression of cell markers was evaluated on 8-m frozen sections immunostained with an anti-CD31 mouse mAb (BD Pharmingen), followed by biotinylated secondary Ab and standard avidinbiotin complex-peroxidase method with 3,3Ј-diaminobenzidine as the chromogen (ABC kit, Vector Laboratories). Following immunostaining, microvessel counts were performed on five ϫ40 fields selected from the most vascularized areas of three sections in the central region of each implant.
Immunofluorescence staining and confocal microscopy
Expression of proteins of interest in angiogenic outgrowths was evaluated in whole-mount preparations of formalin-fixed thin prep cultures using double fluorescence staining (21) . Cultures were reacted with either the Alexa Fluor 568-conjugated isolectin-B4 (I-B4) endothelial cell marker (Invitrogen) or the anti-leukocyte/macrophage markers CD45, CD68, and CD163 mouse mAbs (AbD Serotec), together with a rabbit polyclonal Ab against CXCR2 (Abcam) followed by Alexa Fluor 488-conjugated goat anti-rabbit and Alexa Fluor 568-conjugated goat anti-mouse secondaries. All cultures were stained with 50 ng/ml DAPI (Sigma-Aldrich) for 5 min to visualize nuclei.
Peroxidase-based immunostaining was performed on en face preparations of whole aortas using mouse anti-rat CD45 (AbD Serotec) or mouse anti-rat CD163 (AbD Serotec) Abs followed by biotinylated secondary Abs (Vector Laboratories) and standard avidin-biotin complex-peroxidase method with 3,3Ј-diaminobenzidine as the chromogen (Vector Laboratories). Immunostained samples were mounted in Aqua Polymount (Polysciences) on glass slides.
Images were taken with either a Leica TCS-SP laser scanning confocal microscope or an Olympus BX41 microscope equipped with an Optronics MicroFire SE digital camera. Confocal images were obtained by Z-plane analysis followed by projection and overlay using Leica software.
Real-time PCR analysis
Total RNA was isolated from three to six freshly isolated or quiescent rat aortic rings after snap freezing in liquid nitrogen and manual pulverization. RNA was extracted with TRIzol reagent (Invitrogen) followed by further purification with the RNAeasy Micro kit (Qiagen). To examine the relative expression of CXCR2, we used the two-step quantitative RT-PCR SYBR Green method (Applied Biosystems). Random primed reverse transcription was conducted with 100 ng RNA and SuperScript III reverse transcriptase (Invitrogen). Of the final reverse transcription reaction, 1/50 was used as template in quantitative RT-PCR reactions containing oligonucleotide primers (Invitrogen). Primers for CXCR2 were 5-GCACGCTCTTTAAG GCCCAC AT-3Ј and 5Ј-GTTAATCTCGTTCTGGCGTTCACA-3Ј, and for ␤-actin were 5Ј-GGGAAATCGTGCGTGACATT-3Ј and 5Ј-GCGGC AGTGGCCATCTC-3Ј. Each primer set produced a single product, as determined by melt-curve analysis. Relative quantification was conducted on an ABI 7000 thermal cycler (Applied Biosystems) in reactions containing 1ϫ Universal SYBR Green Master mix (Applied Biosystems), 300 nM forward and reverse primers, and 5 l cDNA template. The PCR cycling profile was 2 min at 50°C, 10 min at 95°C, followed by 35 cycles of 95°C for 15 s and 60°C for 1 min. Each PCR reaction was conducted in triplicate. Quantitative RT-PCR data were analyzed with Prizm software (Applied Biosystems). Relative ratios of fluorescent intensities of products from each treatment group were calculated by using the 2 Ϫ⌬⌬Ct method (22) . The mRNA expression levels of each sample were normalized to the levels of ␤-actin expression measured in the same sample.
ELISA
An ELISA kit (R&D Systems) was used to measure VEGF protein levels in conditioned media according to the instructions of the manufacturer. This rat ELISA kit can reliably measure concentrations as low as 3 pg/ml. Conditioned media were collected from cultures of freshly isolated or quiescent aortic rings treated with cytokines and compared with conditioned media from untreated controls. All reactions were conducted in triplicate.
Western analysis
Collagen gel cultures of aorta were lysed in 200 -500 l of radioimmunoprecipitation (RIPA) lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40, and 1 mM EDTA containing a complete protease inhibitor mixture, Roche). Cell lysates were loaded on SDS-polyacrylamide Ready Gels (Bio-Rad) and transferred to nitrocellulose membranes, which were incubated with specific anti-CD45 (AbD Serotec) or anti-CD163 (AbD Serotec) Abs. The Abs were detected by appropriate HRP-conjugated secondary Abs (Jackson ImmunoResearch Laboratories) followed by SuperSignal West Dura Extended Duration chemiluminescence (Pierce Endogen). Chemiluminescent images were recorded using a Chemidoc XRS CCD gel imaging system and Quantity One software (Bio-Rad). To control for loading and transfer of proteins, blots were stripped and reprobed with anti-␤-actin Ab (Sigma-Aldrich). A protein extract (10 g/lane) of rat thymus was used as a positive control for both CD45 and CD163.
Statistical analysis
Quantitative data from both in vitro and in vivo experiments were analyzed by ANOVA followed by Newman-Keuls posttest using Prism software (GraphPad Software). Statistical significance between experimental groups was set at p Ͻ 0.05.
Results
The rat aorta loses angiogenic activity and fails to respond to inflammatory cytokines in culture over time
We previously reported that aortic rings treated with VEGF or Ang-1 produced many inflammatory cytokines and chemokines, including GRO-1, MIP-2, MIP-1␣, IL-1␤, and TNF-␣ (11) . A cocktail of these factors enhanced the spontaneous angiogenic response of freshly cut aortic rings in collagen gel cultures and synergized with low-dose VEGF, whereas treatment with individual cytokines and chemokines had no detectable stimulatory effects (11) . To evaluate the capacity of this cytokine/chemokine cocktail to induce angiogenesis, we used a modification of the aortic ring assay in which aortic explants were made quiescent by a 13-day preincubation step in tri-weekly changes of serum-free medium before collagen embedding. Following this treatment, aortic rings lost their capacity to sprout spontaneously but remained responsive to angiogenic inducers such as VEGF (16) . In contrast to its proangiogenic effect on freshly cut rings, the cytokine/ chemokine cocktail failed to stimulate angiogenesis in cultures of quiescent aortic rings (Fig. 1A) . Additionally, quiescent rings produced significantly less VEGF than did freshly cut rings, spontaneously or in response to the cytokine/chemokine cocktail (Fig. 1B) . Quiescent rings also exhibited a significantly reduced angiogenic response to re-injury following secondary surgical transection of their previously cut ends (not shown). Thus, aortic rings became refractory to proangiogenic inflammatory cytokines and hyporesponsive to injury upon induction of quiescence.
The inability of quiescent aortic rings to sprout correlates with reduced expression and function of CXCR2
To evaluate whether the inability of aortic rings to respond to the cytokine/chemokine cocktail following induction of quiescence was related to transcriptional changes in cytokine or chemokine receptors, we performed mRNA expression studies in fresh and quiescent aortic rings. These studies showed that the CXCR2 gene, which encodes for the GRO-1 and MIP-2 receptor, was expressed 3.5-fold more in fresh than in quiescent rings ( Fig. 2A) . In contrast, the individual receptor genes for the other components of the cytokine/chemokine cocktail (CCR1, CCR5, TNF-␣-R1 and 2, IL-1R␣ and ␤) did not have reduced expression in quiescent rings (not shown). These results suggested that the inability of the quiescent rings to spontaneously produce neovessels was related to reduced expression of CXCR2. In keeping with these observations, treatment with the CXCR2 inhibitor SB225002 dose-dependently blocked the spontaneous angiogenic response of freshly cut aortic rings (Fig. 2, B-D) and completely abrogated the stimulatory effect of the cytokine/chemokine cocktail in these cultures. The SB225002 effect was not due to toxicity because treated aortic rings responded to VEGF after removal of the inhibitor (not shown). Additionally, removal of the CXCR2 ligands GRO-1 and MIP-2 from the cytokine cocktail abolished its proangiogenic activity (11) .
Cultures of aortic rings from genetically modified mice with disrupted CXCR2 showed a 50 -70% reduction of angiogenic sprouting. This difference was particularly pronounced during the early stages of angiogenesis and was maintained at significant levels throughout the 2-wk-long experiment (Fig. 2E) . (A, D, and G) , the macrophage marker CD163 (B, E, and H), or the endothelial cell marker CD31 (C, F, and I). Note that liposomal clodronate depletes the aortic adventitia of resident macrophages (G and H) but has no effect on intimal endothelial cells (I), which display an intact cobblestone pattern comparable to controls (C and F). Scale bar ϭ 50 m. J, Liposomal clodronate treatment inhibits angiogenesis in cultures of freshly isolated aortic rings. ‫,ءء‬ p Ͻ 0.01; n ϭ 4. Taken together, these findings implicated CXCR2 as an important angiogenic regulator in the aortic cultures and revealed a close relationship between angiogenic quiescence, inability of quiescent rings to respond to inflammatory cytokines, and reduced expression or function of CXCR2.
CXCR2 is highly expressed in macrophages associated with angiogenic outgrowths
To identify the cells types that express CXCR2, aortic cultures were immunostained for CXCR2 and specific markers of cell differentiation. Although endothelial cells and pericytes stained for CXCR2, macrophages had the strongest staining for this receptor. The CXCR2-positive macrophages were found around sprouting neovessels and were particularly abundant at the root of the vascular outgrowths, near the aortic explants (Fig. 3) .
Angiogenic quiescence and reduced VEGF production in cultured aortic rings is associated with loss of adventitial macrophages
Our studies on inflammatory cytokines and CXCR2 implicated the adventitial-derived macrophages as potential regulators of angiogenesis in the aortic ring model. They also suggested that changes occurring over time in the aorta-associated innate immune system might be responsible for the development of angiogenic quiescence in cultured aortic rings. Immunohistochemical studies of whole-mount preparations of aortic rings showed marked depletion of macrophages in quiescent aortic rings compared with freshly cut rings (Fig. 4) . Loss of macrophages correlated with markedly reduced VEGF production by these rings (Fig. 1B) . Endothelial cells of quiescent rings were intact, as demonstrated by their robust angiogenic response to VEGF (Fig. 1A) . Thus, changes associated with the development of quiescence in the aortic rings (i.e., loss of spontaneous angiogenic activity), failure to respond to inflammatory cytokines, reduced production of VEGF, and decreased expression of CXCR2 all correlated with the gradual disappearance of macrophages from the aortic explants.
Pharmacologic ablation of macrophages abrogates the spontaneous angiogenic response of fresh aortic rings in vitro and reduces aortic ring-induced angiogenesis in vivo
To further investigate the angiogenic role of resident adventitial macrophages, aortic rings were treated with liposomal clodronate, a liposome-encapsulated biphosphonate compound that is phagocytosed by macrophages and accumulates intracellularly, leading to their elimination by apoptosis (23) . Selective depletion of macrophages from the aortic wall following overnight incubation in clodronate was confirmed by immunohistochemistry. Specifically, the clodronate treatment depleted aortic rings of macrophages while leaving the intimal endothelial cells intact (Fig. 5) . Loss of macrophages resulted in a ϳ70% reduction in VEGF production, from 26 to 7 pg/ml. When cultured in collagen gels, clodronatetreated rings exhibited a markedly reduced angiogenic response, whereas aortic rings treated with the liposome vehicle behaved as did the untreated control (Fig. 5J) .
The effect of clodronate-mediated macrophage depletion on the angiogenic properties of the aortic wall was also evaluated in a newly developed in vivo model of aortic ring-induced angiogenesis (20) . Subcutaneously implanted aortic rings embedded in collagen/Gelfoam stimulated a florid angiogenic response (20) . Newly formed vessels invaded and penetrated deeply into the implants, resulting in extensive vascularization of the periaortic collagen and the aortic lumen by day 14. This angiogenic response was reduced by 30% in implants containing aortic rings that had been depleted of macrophages by clodronate treatment before the implant procedure (Fig. 6) . Thus, pharmacologic ablation of aortic macrophages significantly hampered the angiogenic response of the aortic wall.
To further validate this conclusion, we selectively ablated macrophages in cultures of aortic rings from CD11bDTR mice. These mice harbor a transgene that renders macrophages susceptible to cell death upon exposure to diphtheria toxin to which normal mouse cells are otherwise resistant (19) . Diphtheria toxin treatment of rings from CD11bDTR mice caused a 94% reduction of angiogenic sprouting when compared with age-matched untreated CD11bDTR aortic rings. Diphtheria toxin treatment of nontransgenic control animals had no effect on angiogenic sprouting (Fig. 7) .
Exogenous macrophages restore the angiogenic response of macrophage-depleted aortic rings
To determine whether angiogenic activity following loss of resident macrophages could be restored with exogenous macrophages, macrophage-depleted aortic rings were cocultured with bone marrow-derived macrophages. Macrophage depletion was obtained spontaneously through induction of quiescence, or pharmacologically through liposomal clodronate treatment. Bone marrow-derived macrophages co-embedded with aortic rings in collagen gels markedly stimulated angiogenesis from both quiescent and clodronate-treated rings (Fig. 8) . As a result, the angiogenic response of macrophage-depleted aortic rings was restored to values comparable to those of fresh rings replete with macrophages. Concurrently, VEGF levels were significantly increased by the addition of exogenous macrophages (Fig. 8F) .
To further substantiate the contribution of the innate immune system to the angiogenic response of the aorta, we performed experiments with CSF-1, a potent activator of macrophage function (24) . Pretreatment of rat aortas overnight with CSF-1 enhanced the angiogenic response of aortic rings by 162% at the peak of growth (Fig. 9A) . Conversely, Ab-mediated blockade of CSF-1 function resulted in a 77% reduction in the number of sprouting neovessels by day 5 (Fig. 9B) . Mouse, rather than rat, aortic ring cultures were used for blocking Ab experiments due to the lack of suitable antirat CSF-1-neutralizing Ab. The angiogenic response of aortic rings was also potently inhibited with the antiinflammatory cytokines IL-4 and IL-13 (Fig. 9C) .
Discussion
Isolated rat aortic explants have an intrinsic capacity to produce neovessels under serum-free conditions and in the absence of exogenous angiogenic factors. This process is activated by injury and potentiated by inflammatory cytokines (9 -11) . In this paper we demonstrate that this angiogenic response requires adventitial macrophages. Our conclusion is based on the following observations: 1) The rat aorta becomes angiogenically quiescent and fails to respond to inflammatory cytokines in culture over time. 2) Quiescent aortic rings are unable to produce VEGF spontaneously or in response to inflammatory cytokines. 3) Failure of quiescent aortic rings to sprout correlates with reduced expression of CXCR2, a macrophage-associated chemokine receptor that promotes aortic angiogenesis. 4) Angiogenic quiescence in cultured aortic rings is associated with spontaneous depletion of adventitial macrophages. 5) Selective pharmacologic ablation of macrophages obtained with liposomal clodronate abrogates the spontaneous angiogenic response of fresh aortic rings ex vivo and reduces aortic ring-induced angiogenesis in vivo. 6) Depletion of macrophages with diphtheria toxin in aortic cultures from CD11bDTR transgenic mice results in markedly reduced angiogenesis. 7) Exogenous macrophages restore the angiogenic response of macrophage-depleted aortic rings. 8) The angiogenic response of the aorta is promoted by stimulating macrophages with CSF-1 and is inhibited by blocking endogenous CSF-1 with a neutralizing Ab.
We first hypothesized that the innate immune system regulates angiogenesis in the rat aorta assay based on a microarray study that showed up-regulated expression of numerous immune-related genes in response to recombinant VEGF or Ang-1 (11) . Among these genes were many immune-related cytokines and chemokines, including GRO-1 and MIP-2, which bind to CXCR2, a G-coupled receptor that has been implicated in inflammatory angiogenesis (12) (13) (14) . Since the induction of immune-related genes occurred before angiogenic sprouting, we reasoned that aorta-associated immune cells were involved in the early stages of the angiogenic response (11) . Immunohistochemical studies showed that the aortic adventitia contains a rich population of CD45 ϩ , CD68 ϩ , and CD163 ϩ macrophages, which become associated with the angiogenic outgrowths. The additional observation that a cocktail of inflammatory cytokines that were overexpressed in response to both Ang-1 and VEGF enhanced both angiogenesis and macrophage migration further supported the hypothesis that activation of the aortic immune system promoted angiogenesis in the aortic assay. In the present study we demonstrate that resident macrophages are required for the angiogenic response to injury and inflammatory cytokines.
We previously reported that angiogenic sprouting in aortic ring cultures is in part regulated by endogenous VEGF, and that an anti-VEGF-neutralizing Ab significantly inhibited angiogenesis (16) . Our present study demonstrates that resident macrophages of the aortic wall are an important source of VEGF. In fact, VEGF levels are significantly reduced in cultures of macrophage-depleted rings and become markedly elevated upon addition of exogenous macrophages. In addition to VEGF, macrophages release proangiogenic factors such as basic fibroblast growth factor and TNF-␣ (25) , which are part of the endogenous stimuli that contribute to the angiogenic response of the aortic cultures (11, 26) .
Our observation that macrophages play a key role during the early stages of aortic angiogenesis ex vivo supports the idea that these cells generate critical signals for angiogenic induction during wound healing and pathologic processes (27) (28) (29) (30) . Our results also provide a mechanistic explanation for the role of the adventitial layer in aortic angiogenesis and identify the macrophage as the requisite adventitial component that provides proangiogenic signals to the endothelium of the aortic wall. This interpretation corroborates a previous study indicating that the angiogenic response of isolated aortic explants requires an intact adventitia (31) .
Of particular interest in this study was the observation that angiogenesis could be inhibited by blocking CXCR2, or through genetic disruption of this receptor, and that expression of CXCR2 directly correlated with both the angiogenic response and the presence of macrophages in the aortic explants. Our studies with a cytokine cocktail containing the CXCR2 ligands GRO-1 and MIP-2 indicate that stimulation of CXCR2 signaling contributes to a robust angiogenic response but is insufficient to induce angiogenesis in cultures of quiescent aortic rings that are macrophagedepleted and lack significant production of VEGF. These findings corroborate and expand our previous observation that the cytokine cocktail stimulates aortic angiogenesis and synergistically potentiates the angiogenic effect of VEGF. They are also in keeping with previous reports that CXCR2 and its ligands play an important role in wound healing (15) and tumor angiogenesis (32, 33) . The additional observation reported in this paper that aorta-associated CXCR2 is predominantly expressed in macrophages implicates the innate immune system of the aortic wall as a critical early regulator of angiogenesis. This conclusion is further substantiated by experiments showing that treatment with CSF-1, a macrophage stimulatory factor (34), significantly enhanced aortic angiogenesis, whereas an anti-CSF-1 Ab markedly inhibited angiogenic sprouting. These results are consistent with previous reports indicating that CSF-1 stimulates VEGF production and angiogenesis (35) (36) (37) .
The demonstration that VEGF levels in aortic ring cultures are markedly reduced following macrophage depletion and are restored to control values by addition of exogenous macrophages implicates these cells as the major producer of VEGF in the system. Recombinant VEGF up-regulates the expression of GRO-1 and MIP-2 (11), which, working in concert with other inflammatory cytokines, stimulate VEGF expression. On this basis we hypothesize that the angiogenic response of the rat aorta is mediated by a macrophage-driven cascade of cytokine production including VEGF and the CXCR2 ligands GRO-1 and MIP-2. These factors synergistically stimulate each other's production through a positive feedback mechanism of transcriptional regulation. Macrophage depletion impairs this system by removing the key producers of these proangiogenic molecules. Inflammatory cytokines alone do not rescue angiogenesis from quiescent aortic rings because of the lack of sufficient numbers of VEGF-producing macrophages. This deficiency can be rectified by adding exogenous VEGF at higher doses than would otherwise be required in the presence of a fully functioning innate immune system (16) or by coculturing quiescent rings with bone marrow-derived macrophages. The VEGF-mediated reactivation of angiogenesis from quiescent rings is probably facilitated by cytokines and chemokines produced in response to the exogenously added VEGF by residual macrophages and other cells of the vessel wall (11) . The capacity of exogenous macrophages to stimulate angiogenesis is based on their ability to produce a wide array of angiogenic growth factors including VEGF and cytokines, which act synergistically to stimulate vessel sprouting (11) . Exogenous macrophages also restore CXCR2 signaling, which is otherwise impaired in quiescent ring cultures.
The finding that IL-4 and IL-13 potently inhibit the angiogenic response of rat aortic rings corroborates the idea that the innate immune system of the aortic adventitia is required for the initiation of angiogenesis in response to injury. These interleukins have previously been shown to polarize macrophages to an M2 phenotype that has been associated with stimulation of tissue repair and angiogenesis (38) . IL-4 and IL-13 have also been reported to inhibit angiogenesis ex vivo and in vivo (39 -43) . These seemingly conflicting results may be related to the ability of macrophages to modulate their behavior and responsiveness to cytokines based on contextual cues. One possible explanation for the anti-angiogenic activity of these interleukins in the rat aorta model is that the proinflammatory activity of macrophages needed for induction of angiogenesis is blocked by IL-4 and IL-13 (44) . It is also possible that IL-4 and IL-13 directly inhibit migration of endothelial cells (39) . Additionally, these interleukins have been reported to induce the formation of a dendritic cell subtype with anti-angiogenic properties (45) .
In vivo studies with experimental animal models have shown that exogenous macrophages greatly potentiate tumor angiogenesis (46) while endogenous macrophage depletion markedly reduces it (47, 48) . Our results confirm these observations in an ex vivo model in which aortic explants have lost adventitial macrophages spontaneously or through pharmacologic treatment. The aortic ring assay has significant advantages over existing in vivo models because it reproduces angiogenesis in a chemically defined environment that can be easily manipulated. We have exploited the unique features of this model to prove that the angiogenic failure in cultures of quiescent or clodronate-treated aortic rings was caused by the loss of macrophages and could be reversed by replenishing the aortic cultures with exogenous macrophages. Interestingly, macrophage-depleted aortic rings partially lost their ability to stimulate angiogenesis in vivo when implanted subcutaneously following treatment with liposomal clodronate. The residual angiogenic response in this in vivo model was likely driven by the reaction of the host innate immune system to the aortic ring.
In summary, our studies provide novel insights into the early mechanisms that regulate angiogenesis in the rat aorta model. Angiogenesis in this system is a self-limited process induced by the injury of the dissection procedure. Results presented in this paper demonstrate that adventitial macrophages and their cytokines function as requisite conductors of the angiogenic response to injury. This observation provides the foundation for further studies on macrophage-related sensors and molecular triggers that regulate angiogenesis following vascular injury.
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